Using steady state and transient capacitance measurements, the electrical characteristics of a defect layer on the surface of bulk GaSb created during the hydrogen plasma treatment is presented. The trap density, activation energies, and the thickness of the defect layer have been calculated. The trap densities are comparable in magnitude to the carrier concentration. The defects introduce multiple energy levels in the band gap. Typical defect layer thicknesses range from a few angstroms to a fraction of a micron. © 1995 American Institute of Physics.
Hydrogen is known to passivate shallow/deep impurity centers, and nonradiative recombination centers ͑like dislocations and surface dangling bonds͒ in semiconductors. 1 The beneficial effects of hydrogenation have made this process as an important step in device technology. One major problem usually encountered during plasma passivation is the surface degradation of the semiconductor leading to the creation of a defective layer on the surface. This defect layer has adverse effects on the electrical and optical properties of devices. In this letter, we present the electrical characteristics of the defect layer created during the hydrogen plasma passivation of GaSb single crystals, an important III-V compound semiconductor for optoelectronic device applications. 2 A simple method to remove the defect layer is also suggested.
The samples used in our studies were vertical Bridgman grown tellurium doped GaSb ͑n-type͒ single crystals. 3, 4 Prior to hydrogenation, the samples were first degreased in boiling trichloroethylene, acetone, and methanol, and then chemically etched in HCl:H 2 O ͑1:1͒ to remove any oxide. Back ohmic contacts were prepared by evaporation of Au-Ge ͑88:12͒ eutectic mixture, followed by annealing at 300°C for 2 min in ultrapure H 2 atmosphere. Hydrogenation of GaSb was carried out at 200°C for 3 h in a parallel plate capacitor plasma reactor operating at a radio frequency of 13.56 MHz. 5 The rf power used was approximately 0.4 W/cm 2 . The hydrogen pressure inside the reactor was maintained at 0.5 Torr. Schottky diodes were prepared by thermal evaporation of gold through a shadow mask at 10 Ϫ6 Torr. The diodes were characterized using the capacitance-voltage ͑C -V) measurements at 1 MHz.
The existence of a layer of defects near the surface was deduced from the abnormal behavior of the C -V characteristics. During the C -V measurements, capacitance transient was observed which indicated slow emission rate of carriers from the defects. Figure 1 shows the capacitance transient at 300 K for various reverse bias voltages. Furthermore, the steady state capacitance exhibited a hysteresis behavior as shown in Fig. 2͑a͒ . The ratio of the magnitude of the capacitance transient ͓⌬CϭC(ϱ)ϪC(0)͔ to the steady state capacitance value ͓C(ϱ)͔ increases up to a particular reverse bias voltage V p and then decreases as shown in Fig.   2͑b͒ . It should be noted that for defects or traps which are present uniformly throughout the bulk with concentration N T , much less than the doping concentration N D , ͑i.e., N T ӶN D ), the ⌬C/C remains independent of the reverse bias voltage. The characteristics shown in Fig. 2͑b͒ substantiates the fact that the defects are present nonuniformly in the near surface region.
In order to calculate N D ͑the donor concentration͒, usually a diode is slightly forward biased at room temperature so as to attain quasi-flatband condition by filling the defects and then cooled to low temperatures to carry out C -V measurement. In such a case, the emission rate of the electrons from the defects is very low and hence during the C -V measurement, the defects do not emit their carriers. To calculate N D ϩN T ͑donor plus defect concentration͒, a reverse bias is applied to the diode at room temperature to empty the defects and then cooled to low temperature. In this case, the capture coefficient of the carrier is low enough to avoid filling of the defect during the C -V measurement. However in our experiments, we observed a two-stage filling kinetics; a fast one, typically of a few seconds irrespective of the temperature, succeeded by a slow one ranging from a few minutes ͑at high temperatures͒ to a few hours ͑at low temperatures͒. This behavior can be explained by the high defect concentration due to which the free carrier concentration varies. Since the capture rate is proportional to the electron concentration, the transient becomes slower. Thus, during C -V measurements, even at low temperature, it was impossible to avoid partial filling of the defects and measure capacitance with all defects empty. However, a state with all defects filled for a given bias was observed. Figure 3͑a͒ shows the steady state C -V characteristics for the two cases described above. The curve ͑i͒ with defects partly empty shows a plateau for low reverse bias corresponding to small space charge region located near the surface with high density of charge . Since is very large, the change in the width of the space charge region ⌬W due to change in reverse bias will be small. This is because the charge induced by the change in reverse bias is equal to (⌬WA), where A is the area of the diode. Hence the capacitance remains constant and a plateau in the C -V curve is seen. On the other hand, curve ͑ii͒ with all defects filled exhibits the typical behavior of a Schottky diode from a homogeneously doped semiconductor.
The 1/C 2 versus V plot at room temperature under steady state condition ͑tϭϱ͒ exhibits two slopes as shown in Fig. 3͑b͒ . The steeper slope corresponds to N D , while the shallower one to (N D ϩN T ) . The reverse bias voltage at which the slope changes is equal to V p . Using the steady state C -V measurements ͓Fig. 3͑b͔͒, we evaluated N D as 2ϫ10 17 cm Ϫ3 . The defect concentration N T was found to be 7ϫ10 18 cm Ϫ3 . It is to be noted here that this value of N T is slightly underestimated as the defects were always partially filled under steady state condition as mentioned earlier.
Using the capacitance value at V p , the thickness of the defect layer was calculated to be approximately 200 Å. Here, it may be pointed out that the thickness of the defective layer is dependent on various experimental parameters like plasma power, substrate temperature, exposure time, and doping concentration. For example, in our experiments, when the exposure time was increased to 5 h keeping other parameters the same, the thickness of defective layer was as high as 500 Å.
The capacitance transients for different temperatures ranging from 77 to 340 K with a fixed reverse bias of 0.8 V are shown in Fig. 4 . Using these measurements, we evaluated the activation energies of the defects. Stievenard et al. 6 studied the transient capacitance associated with defects whose concentration was comparable to the doping concentration ͑i.e., N D ϳN T ) and derived an analytical expression for the transient capacitance ͓see Eq. ͑14͒ of Ref. 6͔. In our case, the same approach was adopted for solving the Poisson's equations with the additional boundary condition that the defects are present only up to a depth ␦ near the surface. or
where C(t) is the transient capacitance at time t, C(ϱ) is the steady state capacitance at tϭϱ, ␦ is the thickness of the defect layer, W(ϱ) is the thickness of the space charge region at tϭϱ, and e n is the emission rate of the electrons from the defects. It should be pointed out that while deriving the above equation, it is assumed that the reverse bias voltage for which the capacitance transient is calculated is greater than V p ͓as determined from Figs. 2͑b͒ and 3͑b͔͒. Thus all the traps are empty at tϭϱ and hence the complete contribution from the defect layer can be evaluated. Using the data of Fig. 4 and the above equation, we calculated the e n 's at different temperatures. Since e n is proportional to exp(ϪE ␣ /kT), the slopes of the e n versus 1/T plots give the activation energies of the defects E ␣ 's. Here is the capture cross section. Figure 5 shows the plot of ln(T 2 ) versus 1000/T, where ϭ1/e n . It is clear from the figure that the defects have multiple energy levels in the band gap. The activation energies (E ␣ 's) calculated from Fig. 5 for the four straight lines are 5.7, 11, 120, and 215.6 meV. The activation energies for the defect levels for several other samples studied were found to lie close to the values mentioned above.
In order to remove the defects, thermal annealing is undesirable here as it might lead to dissociation of the hydrogen-impurity complexes, thereby losing the effect of passivation. Moreover, after heat treatment, many times an increase in the thickness of the defect layer occurs. 6 In the present study, a slow etchant 7 HCl:H 2 O 2 :NaK-tartrate: ͑8:1:1͒ was used to remove the defect layer in a controlled manner and found to be very effective. The hydrogenated samples after removal of the defect layer did not exhibit any of the characteristics mentioned above. Hence, the effect of hydrogen passivation could be evaluated easily by various electrical and optical measurements. 8 In conclusion, we have presented the electrical characteristics of a defect layer on GaSb surface after hydrogenation. The defect layer has been found to introduce multiple trap levels in the band gap with the trap concentration comparable to the doping concentration. The method adopted to evaluate the defect layer is quite general in nature and applicable to other semiconductor materials as well.
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